Micro Western blotting by dip-pen electrophoresis in capillaries. by Liu , Huan. & Chinese University of Hong Kong Graduate School. Division of Chemistry.
Micro Western Blotting by Dip-pen Electrophoresis 
in Capillaries 
LIU, Huan 
A Thesis Submitted in Partial Fulfillment 
of the Requirements for the Degree of 
Master of Philosophy 
in 
Chemistry 
The Chinese University of Hong Kong 
August 2011 
Thesis/Assessment Committee 
Professor Sik Lok Lam (Chair) 
Professor Bo Zheng (Thesis Supervisor) 
Professor To Ngai (Committee Member) 
Professor Ying-Sing Fung (External Examiner) 
Abstract of the thesis entitled: 
Micro Western Blotting by Dip-pen 
Electrophoresis in Capillaries 
Submitted by LIU, Huan 
for the degree of Master of Philosophy 
at The Chinese University of Hong Kong in August 2011 
Abstract 
This thesis describes a novel method for micro Western blotting. In this 
method, protein mixture is first loaded into a capillary for separation by Sodium 
Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). The outlet of 
the capillary is touching the surface of a nitrocellulose membrane periodically 
during the separation process, therefore the technique is called dip-pen 
electrophoresis (DPE). Proteins are dispensed onto the nitrocellulose membrane 
directly from the capillary tip. Traditional blotting method by binding primary 
antibody and then HRP-labeled secondary antibody to the target protein is 
applied to identifying the proteins. By adding Enhanced Chemiluminescence 
(ECL) reagent, the target protein can be visualized on the medical X-ray film. 
DPE is an efficient method to separate and transfer proteins in a single step. 
By electrophoresis in 1 mm diameter capillary, a relatively higher voltage can be 
applied to separate the proteins within 5-15 min. We can finish the whole 
protocol including the gel preparation, protein elution, antibody incubation and 
i 
signal detection within 5 hours. The whole system is simple, consumes less 
buffers and samples, and is reliable especially in sample loading. The protein 
blotted on the membrane is compatible with traditional chemiluminescence 
enhanced detection method, by which the signal is visualized directly on X-ray 
film instead of pre-labeling of antibody or antigen for fluorescent detections. The 
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Chapter 1 Introduction 
In biotechnology, blotting is a method of transferring DNA, RNA or proteins 
onto a carrier, such as polyvinylidene fluoride (PVDF) or nitrocellulose 
membranes. Blotting is often done after a gel electrophoresis step for separation. 
The blotting method has gained wide recognition since 1975 when Edwin 
Southern published his method for the identification of specific DNA fragments 
after agarose gel electrophoresis step and nitrocellulose membrane transfer. The 
method was named "Southern Blotting". It was not long thereafter that the 
• 2 
similar method for RNA detection was named Northern Blotting. 
As an effort to retain the "geographic" naming tradition initiated by Southern1 
in 1982, Burnette3 coined the term "Western blotting" to illustrate a modified 
procedure developed by Towbin et al.4 in 1979. In the Western blotting method, 
the extracted cell lysate can be directly separated, transferred to a membrane, and 
subsequently probed by specific antibodies. This method is powerful for the 
study of proteins and has been widely adopted in various scientific communities. 
1.1 Gel electrophoresis of proteins 
1.1.1 Principles of gel electrophoresis 
Electrophoresis is a process to separate charged biomolecules, especially 
proteins and nucleic acids based on the mobility of ions in an electric field.5 A 
matrix is often used to improve the performance in electrophoresis because the 
matrix can reduce diffusion and convective mixing of the bands caused by heat 
1 
during electric current passing through the electrophoresis solution. The matrix 
also acts as a size-selective sieve in the separation. Polyacrylamide and agarose 
gels are the most common stabilizing matrix used in research laboratories.6 
Polyacrylamide is the most common matrix for separating proteins. Nucleic acids 
are separated on either polyacrylamide or agarose gels, depending on the sizes of 
molecules to be analyzed. 
In electrophoresis, the electrical potential E is the driving force for proteins 
moving. The electrophoretic mobility of the molecule (ju) is defined as the ratio 
of the velocity of the molecule (v) to the strength of the electrical field (E). In 
solution, electrophoretic mobility is also equal to the net charge of the molecule 
(Z) divided by the frictional coefficient (/).7 As a result, ju = v/E = Zlf. 
However, as the molecule migrates through the gel matrix in response to the 
electric field, the molecule's mobility will mainly depend on the molecule size 
• 7 
due to the sieving effect of the gel matrix. 
The most widely used method for gel electrophoresis is the sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) developed by Laemmli.8 
As a result, the polyacrylamide gel in the SDS-PAGE system is also called 
Laemmli gel. SDS is the most common surfactant to denature native proteins to 
individual polypeptides. When a protein mixture is heated to 100 °C in the 
presence of SDS, the detergent wraps around the polypeptide backbone. In SDS-
PAGE, proteins are first denatured by SDS to maintain a constant negative 
charge-to-mass ratio (Figure 1.1). Therefore, polypeptides after treatment 
become a rod like structure possessing a uniform charge density, e.g., same net 
negative charge per unit length. Mobility of these proteins will be a linear 
relationship of the logarithms of their molecular weights. The longer the protein 
2 
is, the more difficulty the protein goes through the gel pores, and the slower the 
protein migrates. Therefore, an unknown protein size can be analyzed by 
comparing the mobility of its band to the mobility of the protein marker of which 
the molecular weight has been already known. 
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Figure 1.1 (A) Structure ofSDS. (B) SDS reducing and binding forming the "SDS per unit 
length of protein". 
1.1.2 Polyacrylamide gel 
Polyacrylamide (PA) gels with tunable pore size is used to separate most 
proteins, ranging from the fractionation of oligonucleotides (M.W. < 1000 D) to 
high-molecular-weight protein (M.W. >200,000 D).10 The gel forms when a 
mixed solution of acrylamide and cross-linker monomers co-polymerize into 
long chains. Polymerization is initiated by ammonium persulfate (APS) or 
riboflavin (for photo-initiated polymerization), and the catalyst 
tetramethylethylenediamine (TEMED). As a catalyst, TEMED accelerates the 
rate of formation of free radicals from APS or riboflvin. The APS or ribofivin 
free radicals convert acrylamide monomers to the monomers' free radical term 
which reacts with inactivated monomers to start the polymerization chain 
3 
Figure 1.2 The polymerization reaction of acrylamide. The structures of acrylamide, bis, a 
segment of cross-linked polyacrylamide, initiators (persulfate, riboflavin), and catalyst 
TEMED are shown. 
The size of the pores in a PA is determined by two parameters:12 total solids 
content (%T) and the ratio of cross-linker to acrylamide monomer (%C). The %T 
is the ratio of the sum of the weights of the acrylamide monomer and the cross-
linker in the solution. With the increases of %T, the pore size decreases. Another 
way to adjust pore size is to change the amount of cross-linker that is %C value. 
The %C is the percentage of total cross-linker weight in the sum of monomer and 
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reaction.11 The elongating polymer chains are randomly crosslinked with 
bisacrylamide, resulting in a porous gel whose size depends on the crosslinker 
and monomer concentrations. Figure 1.2 shows the gel-forming reaction. PA gel 
is a hydrogel containing both solid and liquid components.10 The aqueous 
solution in the gel maintains the three-dimensional shape of the gel, otherwise, 
the hydrogel will shrink and dry to a hard film; at the same time, the polymer 
fibers prevent the liquid from flowing away. 
cross-linker weights.13 It has been found that for any %T values, 5 %C 
crosslinking creates the smallest pores in a gel.14 In some cases, people use 
gradient gel to form a gradient pore size in order to get a better separation 
result.1 
1.1.3 Buffer systems 
There are two types of buffer systems used in protein gel electrophoresis: 
continuous and discontinuous. Continuous system uses uniform buffer for the 
running solution and the gel. In a discontinuous system, a large-pore gel called 
stacking gel is layered on top of a separating (resolving) gel. The two layers of 
gel are each made with a different buffer, and the tank buffer also differs from 
17 18 
either of the gel buffers. 
Most protein separations prefer a "discontinuous" buffer system which 
significantly enhances the sharpness of the bands within the gel.13 Two kinds of 
ions are introduced in the system, the leading ion and the trailing ion. When a 
voltage is applied, the leading ions (e.g. CI") from the gel move ahead of the 
sample proteins while "trailing ions" in its natural state (e.g., glycine) from the 
buffer migrate behind the proteins. In other words, the proteins are sandwiched 
by the leading and trailing ions. The sandwich of the protein is called "stacking". 
When proteins migrate into the separating gel due to the change of pH value, the 
natural state trailing ions become charged and are accelerated by the driving 
voltage, so the stacked proteins become "unstack" as those proteins separate on 
the gel. This method narrows down the bandwidth and concentrates the protein 
solutions, and is especially desirable for the dilute samples.1 
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1.1.4 Capillary electrophoresis 
Capillary electrophoresis (CE) is an instrumental evolution of traditional slab 
gel electrophoretic techniques19 that employs small dimensional (20-200 \xm i.d, 
20-100 cm length) capillaries to perform high efficiency separations 
biomolecules. There are several advantages utilizing CE compared to other 
analytical separation techniques: high separation efficiency, efficient heat 
dissipation, short analysis time, small amount of sample and electrolyte 
consumption, ease of operation and compatibility with a wide selection of 
analytes.2 
The basic instrumental configuration for CE is relatively simple (Figure 1.3), 
containing a fused-silica capillary with an optical viewing window, a high 
voltage power supply (HV) typically 20 to 30 kV,21 two electrodes, two buffer 
reservoirs, and one detector for UV or fluorescent detection. The optical window 
in capillary is required if the capillary is coated with a polymer layer. Sample is 
introduced in capillary either by hydrostatic injection or by electro-kinetic 
injection. There are various CE-based techniques including capillary zone 
electrophoresis (CZE) 22 capillary gel electrophoresis (CGE),23 capillary 
isoelectric focusing (CIEF) 24 isotachophoresis (ITP),25 electrokinetic 
chromatograph (EKC),26 micellar electrokinetic capillary chromatography 
(MECC or MEKC)27 and so on. 
CGE, as it is claimed, adapts polymers into a capillary as molecular sieve. 
The separation mechanism of CGE is similar to that of the slab polyacrylamide 
gel electrophoresis. CGE couples the advantages of both CE and gel 
electrophoresis, and is compatible with most of the detection method such as 
mass spectrometry (MS), absorption spectroscopy, fluorescence spectroscopy, 
6 
surface enhanced Raman spectroscopy and so on. 
However, CE also has some drawbacks. Sometimes, the electroosmotic flow 
(EOF) is so strong that the gel would be expelled from the capillary. Thus it is 
vital to covalently bind the gel to the wall if high voltage is applied. Another 
problem is the formation of gas bubbles inside the capillary and at the capillary 
tips, which cause unstable currents or even open circuit. Last, but not the least, 
due to the small channel diameter, gel-filled capillaries are easy to be clogged by 
19 
impurities present in the sample, which are difficult to remove. 
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Figure 1.3 Basic configuration of the capillary electrophoresis system 
1.2 Methods to transfer proteins from gel to membrane 
Transfer of proteins from PA gels to nitrocellulose or PVDF membranes can 
be achieved in several ways, including simple diffiision,28 29 ultrasound 
transfer,30 and electrophoretic elution.4 The electrophoretic elution can be 
achieved either by wet transfer (tank transfer) or by semi-dry transfer method. 
Considering the efficient transfer range of protein molecular weight, the speed 
and the reliability of those methods, the electrophoretic elution is the most 
7 
commonly used one. 
1.2.1 Simple diffusion 
The diffusion transfer relies on the thermal motion of molecules from high 
concentration to low concentration area. This procedure is accomplished by 
laying a blotting membrane on top of the PA gel. A stack of dry filter papers are 
placed on top of the membrane. Two glass plates sandwich the assembly and a 
31 • 
weight is placed on the top glass plate to facilitate the diffusion process (Figure 
1.4). This method is able to transfer proteins up to 118 kD from one gel to 
several membranes.29 However, comparing to electroblotting, the diffiision 
transfer efficiency is rather low, and only 25-50% of the proteins have been 
transferred.32 Therefore, the diffusion method can be a choice if quantitative 






Figure 1.4 The diffusion method for protein transfer. 
1.2.2 Ultrasound transfer 
33 
To accelerate protein blotting, Kost, et al. developed the ultrasound method. 
By ultrasound, the blotting procedure can be finished in 3 minutes for a very 
clear transfer of proteins from a PA gel to blotting membranes (Figure 1.5). 
Because the buffer is easy to permeate around the stack, waterproof tape must be 
8 
placed around the edges of the gel to prevent the permeation. Proteins in the 
molecular weight range 14.3 to 200 kD are successfully transferred by this 
method. 
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Figure 1.5 The schematic setup of ultrasonic transfer method. 
1.2.3 Tank transfer 
In tank system, the assembled sandwich (Figure 1.6) is completely immersed 
in a buffer reservoir and subjected to a uniform electrical field perpendicular to 
the gel plane. 
1.2.4 Semidry transfer 
In semi-dry transfer, two thick layers of buffer soaked filter papers clamp the 
gel and blotting membrane as the buffer reservoir, instead of a tank for buffer 
stocking.35'36 Two large conductive plates serve as the electrodes, which are 
secure to provide homogeneous electric field (Figure 1.7). 
The main advantages of this procedure over the wet transfer method are the 
faster transfer speed and the lower buffer consumption. Moreover, several gels 
can be blotted simultaneously and less power is required for the transfer, thus 
9 
heat production can be negligible. 
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Figure 1.7 Assembled multi-layers for semi-dry transfer method 
1.2.5 Transfer efficiency improvements 
A common drawback among the above mentioned blotting methods is the 
efficiency of protein blotting.37 Generally, the blotting efficiency is limited by 
two factors: (1) the maximum molecular weight (MW) of the protein that can be 
eluted from the gel matrix; (2) the affinity of the protein molecules with the 
10 
membrane surface. Numerous attempts have been tried to address these two 
issues. For example, in order to increase the maximum MW of protein, an effort 
has been paid to alter the concentration of electrolytes as well as the pH value of 
38 
the blotting buffer,37 and to use the gel system described by Fairbanks et al.. In 
this respect, proteins with 500 kD molecule weight can be successfully 
transferred. As for the affinity enhancement of the membrane, methanol is 
commonly used to increase the binding capacity of nitrocellulose,39 but methanol 
is also reported to help retaining the protein in gel. In 2002, Kurien and Scofield 
devised a very efficient and rapid way to transfer high-molecular-weight proteins 
avoiding the use of methanol.40 The electrophoretic transfer was performed in the 
70 75°C buffer solution, and both low--molecular-weight and high-molecular-
weight proteins could be very efficiently transferred to nitrocellulose membrane 
less than 15 min, depending on the thickness and %T of the PA gel.40 
1.3 Visualizing immunoblots 
1.3.1 Membrane staining 
After transfer, proteins can be blotted on a membrane. The membrane can be 
stained to detect the blots. The commonly used staining reagents include organic 
dyes such as Ponceau S fluorescent labels such as SYPRO Ruby, and colloidal 
particles such as gold nanoparticle and Indian ink. Table 1.1 describes the 
detection limits and the compatible blot transfer membranes for several major 
staining reagents.41'42 
Table 1.1 Properties and compatibilities of total protein stains for detecting membrane 
transfer. means the stains that not compatible for the certain type of membrane, while “+ 
indicates the stains compatible for the certain type of membrane. 
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Detection Membrane types 
Stain Comments 
limit Nitrocellulose PVDF Nylon 
Coomassie “ Permanent, 
50 ng - + + 
blue visible 
Reversible, 
Ponceau S 2 ug + + + 
visible 
Colloidal Permanent, 




India ink 3 ng + + _ . 
visible 
SYPRO Reversible, 
2 ng + + -
„
 u fluorescent Ruby 
1.3.2 Radiometric detection in blotting 
Radiolabeling is commonly accomplished by incorporating 3H, 14C, 33P, 35S or 
I into proteins.43 The radio-labeled proteins are most commonly detected by 
auto-radiographic signal on X-ray film.44 Because the film makes close contact 
with a flat sample, autoradiography provides excellent combination of spatial 
resolution and sensitivity, and the equipment used in autoradiography is simple.45 
There are two types of radiometric methods, direct and indirect autoradiography. 
For direct autoradiography, X-ray film is developed after a P-particle or y-ray 
interacting with the silver halide crystal. As a result, the direct autoradiography 
will reduce the silver ions to metallic silver to produce an image of the 
radioisotope distribution. The indirect method converts the radioactive emissions 
to visible or UV light, by either applying intensifying screens or fluorographic 
12 
scintillators. These indirect methods can reduce exposure time and increase 
sensitivity in a large extent, but decrease the image resolution as well.46 
1.3.3 Bioluminescence-enhanced detection 
Bioluminescence (BL) is a natural phenomenon that the light emission is 
facilitated by an enzyme or a bioluminescent protein.47 Because of the high 
sensitivity, firefly bioluminescence has been broadly used for many years for 
enzyme assay. The widely accepted principle and the common procedures of the 
bioluminescence-enhanced detection system is shown in Figure 1.8 and Figure 
1.9.48 
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Figure 1.8 Principle of the bioluminescence-enhanced test reaction4 . 
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Figure 1.9 Procedures of the bioluminescence-enhanced detection system. 
Protein mixture is transferred to nitrocellulose membrane, and binds with 
alkaline phosphatase (AP) labeled antibody. After AP catalyzing the substrate 
luciferin-O-phosphate to liberate D-luciferin (D-LH2), firefly luciferase will 
catalyze the oxidation of the D-LH2 with light emission for detection. 
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1.3.4 Chemiluminescence-enhanced detection 
Because of the high sensitivity, chemiluminescence system based on 
horseradish peroxidase (HRP) has become the predominantly used detection 
method in Western blotting.49 The most popular substrates for this method are 
luminol-based chemiluminescent signal generators (Figure 1.10).5 
HRP ’. Compound I 
LuminolX. Luminol 
Radical 3 2 / 
Luminol 
Lumimlx x Radical 
Compound II 
Luminol . . 
Radical ^ 3-ammophthalate^  + N 
1 » 3-arainophthaiate +Light 
Figure 1.10 Scheme of horseradish peroxidase (HRP) catalyzes the oxidation of luminol. 
After oxidation by H202 in the presence of HRP, luminol converts to luminol 
radial. The radical emits light when decaying to the ground state. The signal can 
be enhanced up to 1000-fold by the addition of the HRP. The enhancement of 
light emission is called enhanced chemiluminescence (ECL). There are two 
different types of commercial ECL products. One is phenolic compound based 
on the oxidation of luminol,50 which is often detected by X-ray film followed by 
the use of densitometry or the CCD camera. The enhancer is turned into radical 
for reaction 3 in Figure 1.10 to react with luminol so that the light-producing 
pathway can be accelerated. The react process in Figure 1.10 is a much faster 
reaction than that for luminal alone, and is able to sustain for a significant period 
of time. However, the X-ray film has very small dynamic range and it is easy to 
14 
reach saturation. For this reason, usually several times of exposure are needed to 
optimize the exposure periods and ensure the signal from the blots on the film to 
be in a linear range. 
The other commercial ECL is based on the acridan substrates (e.g., ECL Plus 
TM) 51
 by which fluorescent intermediates are generated that can be measured by 
CCD camera coupled with suitable filters or fluorescence scanner. The camera 
and the scanner convert the emitted light into digital signal for further 
quantitative analysis. The dynamic range for laser based fluorescence scanners 
can reach 105, which is much larger than that of film at 5 x 102.49 It is also more 
convenient to direct record and process the results from the scanners. 
Because the chemiluminescence-enhanced system can provide the most rapid, 
robust and sensitive detection of the target protein, chemiluminescence-enhanced 
detection method becomes the most widely accepted method in basic biological 
research, as well as for clinical diagnostic assays. 
1.4 Miniaturized electrophoresis and blotting methods 
Immunoblotting, or Western blotting formats have changed little since the first 
introduction by Towbin.4 The immunoblotting method provides a powerful and 
reliable method for protein analysis. However, this method still has some well-
known drawbacks: (1) the immunoblotting method is both labor and time 
intensive. Normally, this method need 24 to 36 hours to complete the whole 
workflow of gel preparation, separation, electro-transfer and antibody-based 
blotting,52 and the voltage applied is restricted due to bad heat dissipation in 
electrophoresis and transfer setup; (2) the immunoblotting method is not 
economical due to those precious antigen and costly antibodies. The sensitivity is 
15 
in the nano-gram range, and subsequently consumes at least 10 \xg antibody per 
run 53 (3) the blotting efficiency is low due to the difficulty of transferring 
protein with large molecular weight. 
Recently, a lot of work has been done to miniaturize the Western blotting 
platform52'56 to facilitate heat dissipation and to achieve high throughput antigen 
detection57 and automation.58 For example, Herr's group has been working on 
automatising immunoblotting in the microfluidic format. Herr and coworkers 
started from using PAGE in situ immunoblot by ID channel,52 and later 
developed 2D micro-chamber for on chip protein separation, electrophoretic 
transfer, and antibody-functionalized in gel blotting.53 Most recently, Herr's 
group has developed an automated streamline for rapid Western blot, which was 
based on multiplex detection in the 2D PAGE chamber.59 In the streamline, only 
500 nM antigen is needed, and less than 5 min is required for the whole assay. As 
shown in Figure 1.11, after sample injected to the chip, a programmable high-
voltage power supply is applied to precisely control the steps of sample injection, 
separation in the red region, and transfer to the green blotting region for in situ 
target identification. In addition, the micro-channel is compatible with a CCD-
based full-field imaging that is able to quantify sample blotting and losses 
directly. 
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Figure 1.11 Polyacrylamide gel photopatterning in a 2D microfluidic geometry enables fully 
integrated protein immunoblotting53. (A) picture of glass chip and (B) magnified chamber 
with photo-patterned gels for sample loading (blue), PAGE separation (red) and transfer to 
antibody functionalized blotting region(green). (C) The automated multistage assay process. 
(D) Size-based antigen sample stacking (inverted grayscale). is mobility; "i" indicates 
direction of electrical current flow.53 
Another improvement in Western blotting technology is the microwestern 
arrays report by Ciaccio et al. As shown in Figure 1.12, Ciaccio and his 
coworkers developed a quantitative, sensitive, high throughput assessment of 
protein abundance.54 Cell lysates are printed by nanoliter-based liquid handling 
methods on a slab gel in 96 identical blocks for semidry electrophoresis and 
blotting membrane transfer. This technique enables the analysis of hundreds of 
proteins in the same sample simultaneously, or even to compare dozens of 
proteins by dozens of treatment conditions in one shot. 
17 
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Figure 1.12. Schematic procedure of microwestern array (MWA) method.54 Protein samples 
spotted on polyacrylamide slabs in a 96 well array separated, transferred to a membrane, 
placed in 96-well gasket device and imaged on the Odyssey Infrared Imaging System. 
The above-mentioned methods, though powerful, still bear some drawbacks. 
For example, Herr's chip need high spatial resolution photolithography 
techniques for precise alignment of complex gel zones and glass device 
fabrication, prelabeling antibody with fluorophore, and antibody prefixing. 
Ciaccio's methods still require multiple manual handling steps, expensive and 
• 1 58 
special equipments, and the separation resolution is low. 
1.5 Objective of the project 
We expect capillary electrophoresis (CE) based Western blotting will be able 
to address the issues in the above miniaturized electrophoresis and blotting 
methods. First, electrophoresis can be performed much better and faster in 
capillary than that in the slab gel because smaller channel dimensions can help 
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the efficient heat dissipation and allow a higher electric field. Second, the smaller 
dimensions of capillary can also reduce the sample volume sharply relative to 
slab gels. 
Herein, we present a micro Western blotting system based on capillary 
electrophoresis in the style of dip-pen for immunoblotting. In Chapter 2, we will 
describe the study on the separation of protein by 1 mm diameter capillary gel 
electrophoresis. We separate protein markers in the capillary to optimize the 
parameters that affect the separation efficiency. Chapter 3 illustrates the dip-pen 
capillary electrophoresis (DPE) based Western blotting. The protein samples 
eluted from the capillary are transferred to a nitrocellulose membrane directly, 
and we finish the rest steps as the traditional immunoblotting way. The whole 
Western blotting protocol takes almost 5 hours which is far shorter than the 
traditional Western blotting. 
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Chapter 2 Dip-pen gel electrophoresis in 
capillaries 
2.1 Introduction 
SDS-PAGE offers a reliable protein separation and molecular weight 
determination method in both slab gel9 and capillary gel electrophoresis (CGE) 
format.60 The mechanism of SDS-PAGE for the separation of proteins is based 
on the differences in molecular mass. 
Comparing to the slab gel electrophoresis, CGE has the advantages of good 
heat dissipation efficiency, short analysis time, and low sample consumption. 
CGE is compatible with multiple detection techniques such as mass spectrometry 
(MS), absorption spectroscopy, fluorescence spectroscopy, surface enhanced 
Raman spectroscopy with the detection limits as low as 10~13 to 10 20 mol.61 
Although the set-up for CGE is simple, there are significant experimental 
difficulties.62 Due to the small sample volume and amount, the detector used in 
CGE must be very sensitive. The most convenient and popular detection method 
is fluorescence based, which requires sample pretreatment to attach fluorescent 
tags with the target sample molecules. What is more, since the sample is usually 
loaded by electrokinetic force, and the viscosities of each sample are different, 
the optimal duration of the injection time will be different. Multiple trials would 
62 
be required to verify whether the injection is successful. 
Herein, we aim to develop a gel electrophoresis system in capillary that is able 
to directly couple with the immunoblotting detection. In this method, a capillary 
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is in a vertical direction with its tip contacting with a piece of NC membrane. 
Protein samples are directly added into the capillary by a micro-syringe, and a 
pipette tip is introduced to serve as the anode buffer container. For the cathode 
buffer container, we use a thick layer of filter paper soaked with electroblotting 
buffer underneath the NC membrane for long time wetting. Comparing to 
conventional CE, the current system is much simpler to handle and more 
straightforward for observation. By electrophoresis in 1 mm diameter capillary, a 
relative higher voltage can be applied to separate the proteins within 5-15 min. 
2.2 Experimental section 
2.2.1 Materials and reagents 
The SDS-PAGE Gel Preparation Kit (Beyotime) contained 30% (29:1) 
acrylamide/bis-acrylamide, 1M Tris-HCl (pH 8.8), 10% SDS, ammonium 
persulfate, N, N, N', N'-tetramethylethylenediamine (TEMED), 1M Tris-HCl, 
(pH 6.8). Running buffer (pH 8.3) contained 25 mM Tris and 192 mM glycine. 
Nitrocellulose membrane, ECL Plus kit, pre-stained protein molecular weight 
marker, 5x sample loading buffer, secondary antibody HRP-labeled goat anti-rat 
IgG were purchased from Beyotime. Protein reagents included bovine serum 
albumin (BSA) (Sigma), thaumatin (Wako), chicken egg-white lysozyme (Wako) 
and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) which was bought 
from Beijing Biosynthesis Biotechnology. The primary antibody anti-GAPDH, 
multicolor broad range protein ladder were also from Beijing Biosynthesis 
Biotechnology Company. Phosphate buffer solution (PBS) was 0.1 M Na2HP04 
adjusted to pH 7.0 with 0.1 M KH2P04. The electroblotting buffer was lOx 
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running buffer diluted with 40 : 60 (v : v) methanol and DI water. 
2.2.2 PA gel fabrication in capillary 
PA gel precursor solutions of the appropriate acrylamide concentration (T) 
were prepared by diluting 30% (w/v) acrylamide/bis-acrylamide solution with 
1M Tris-HCl buffer (pH 8.8) to a total volume containing 1% SDS and 0.1% 
TEMED. Precursor solutions were degassed prior to use, as it was important to 
form a void-free PA gel.63 Because the sample consumption was no more than 2 
|iL, we simplified our system to use continuous gel format in which the same 
buffer is used for both gel and electrode solutions, and the stacking gel is 
omitted. 
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Figure 2.1. Photographs of the device. (A) Capillary is held perpendicular to the membrane 
(B) Pipette tip coupled with glass capillary for running buffer container. (C) Modified 
capillary tip. Scale bar: 1mm. 
Glass capillary (1 mm in diameter) was cut to appropriate length. The tip of 
the capillary was slightly heated so that the opening would shrink to 0.5 mm or 
so and the wall would become thicker and less fragile (Figure 2.1 B, C). Then the 
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capillary was inserted into a 200 \iL micropipette tip which served as a buffer 
container. The degassed gel precursor with 1% APS was introduced into the 
modified capillary by capillary force, and 20 minutes was necessary for complete 
polymerization. 
2.2.3 Setup for electrophoresis in capillary 
The setup used to couple the glass capillary to the NC membrane is indicated 
in Figure 2.2. High voltage was applied at the electrophoresis buffer in the 
pipette tip reservoir and grounded at the ITO glass which was fixed above the 
motion stage (Zolix instruments Co. Ltd). A thick layer of filter paper soaked 
with electroblotting buffer was sandwiched between the nitrocellulose (NC) 
membrane and the ITO glass. The capillary was fixed and perpendicular to the 
membrane (Figure 2.1 A). After the sample was added into the capillary directly 
by a micro-syringe, the capillary was resting and gently touching the blotting 
membrane. A computer program controlling the motion stage would be launched 
when the loading dye reached the bottom of the capillary. 
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2.3 Results and discussion 
2.3.1 PA gel polymerization quality at tip 
We found that the gelation quality at the capillary tip was critical to the 
protein separation. In the case of bad gelation quality at the capillary tip, bubbles 
generated from the ITO surface would enter the capillary from the end tip that 
pushed the gel upward (Figure 2.3 A). Consequently, a gap was formed between 
the bottom of the gel and the tip of the capillary. When the protein molecules 
reached the bottom of the gel, the molecules would fail to be blotted on the 
membrane. We solved this problem by improving the gelation quality at the 
bottom of the capillary as followed. Degassed gel precursor was added to a 1.5 
mL centrifuge tube and capillary was then instantly inserted into the centrifuge 
tube. The capillary was retained in the centrifuge tube until PA gel 
polymerization finished. Figure 2.3 B shows an example of good gelation quality 
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at the capillary tip. 
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Figure 2.3 Optical image of PA gel polymerization quality at capillary tip showing the 
examples of (A) bad and (B) good gelation quality (Scale bar: 1 mm). 
2.3.2 Separation efficiency in capillary 
The length of PA gel in the capillary was crucial in our experiment. If the gel 
column was too short, the separation efficiency could not be ensured; on the 
other hand, excessively long gel column led to long duration for the proteins 
moving out of the capillary. To optimize our system, four different lengths of the 
gel, 0.5 cm 1.0 cm, 1.5 cm and 2.0cm were tested (Data not shown). We found 
that 1 cm length of the gel was optimal. 
The %T of the PA gel was important to the separation time and the separation 
size range of proteins. We chose a protein marker containing six different 
proteins with the molecular weight of 117, 90, 49, 35, 26 and 19 kD. As 
described in Figure 2.4, pictures A, B and C present the results of the protein 
marker separation by 12 %T, 10 %T and 8 %T PA gel, respectively. The bands 
were clearly observed and the mobility of proteins versus log MW was in good 
linear relationship. In Figure 2.4 C, only 4 bands could be observed instead of 6 
bands. Similar results were obtained under the conventional slab gels' setup for 
8 %T PA gel. Therefore we concluded that it was due to the intrinsic pore size 
that the 8 %T PA gel was unable to separate the protein with the molecular 
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weight under 35 kD.16 The mobility of protein in the sieving matrix depends on 
the pore size of the gel and the protein size. Table 2.1 listed the results from 
Figure 2.4 by using 10 %T, 8 %T and 12 %T PA gel, respectively. 
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Table 2.1 Results from protein ladder separating in different %T PA gel 
12 %T 10 %T 8 %T 
Gelation time 20 min 20 min 20 min 
Separation time 15 min/120 V 12 min/ 100 V 8 min/ 90V 
14.4 to 97.4 31 to 97.4 
Efficient separate range 14.4 to 97.4 kD 
kD kD 
Total time required 35 min 32 min 28 min 
2.4 Conclusions 
In this chapter, we demonstrated a method to separate SDS-protein mixture in 
a 1 mm glass capillary. Prestained protein markers were used because of easy 
observation. We could finish the electrophoresis run within 40 min including the 
gel preparation and protein separation. Moreover, the 1 mm glass capillary 
electrophoresis has other advantages as following: first, the whole system was 
simple, consumed less samples, and was reliable especially in sample loading; 
second, the system has the potential to couple with the traditional Western 
blotting detection methods; last, but not the least, we could observe the end point 
of electrophoresis with naked eyes instead of pre-labeling of antibody or antigen 
for fluorescent detection. 
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Chapter 3 Western blotting by dip-pen 
electrophoresis 
3.1 Introduction 
Western blotting is one of the most powerful and reliable method for protein 
analysis.3'4 However, conventional Western blotting still have a few drawbacks. 
For example conventional Western blotting takes one or two days to finish all 
the steps and is demanding in the consumption of expensive antigen or antibody 
reagents.53 Besides, the blotting efficiency is limited by either the protein 
molecular weight transfer range from gel to the membrane53 or the throughput 
• 57 
for on-membrane detection. 
Recently, a lot of work has been done to miniaturize and increasing the 
throughput of the Western blotting platform.52"56'59 For example, Herr's group 
developed 2D micro-chamber for automated streamline to rapid finish all the 
Western blot on chip53 and realizing multiplex detection in the 2D PAGE 
chamber.59 Pan et al. developed a novel method for Western blot based on 
microfluidics. Blotted PVDF membrane was tightly incorporated within 
Poly(dimiethylsiloxane) (PDMS) gasket for multiple immunoblotting and 
enzyme detection.57 Ciaccio et al. reported a technique for high throughput 
microwestern arrays.54 
Though very attracted, the above-mentioned methods still present two issues, 
i.e. the requirement of multiple processing steps and the requirement of 
expensive and special equipments. Besides, in some cases, the separation 
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resolution is even lower comparing to the conventional Western blotting.5 
Capillary electrophoresis (CE) is a promising separation method to be adapted 
in micro Western blotting. Recently, Anderson et al. reported CE-based 
separation that the separation result was compatible with traditional immune 
detection methods.56 In Anderson's system, X-Y translational stage was applied 
to control the motion of a PVDF membrane. Gel-filled capillary contacted with 
the membrane at a tilted angle. The protein when migrating out of the capillary 
was captured by the membrane. This method demonstrated the feasibility of 
performing CE-based Western blots. Nevertheless, this method required a flat 
and smooth capillary end to avoid scratching the membrane. The use of 
entangled polymer instead of PA gel did not allow incorporation of size-based 
standards for molecular size measurement. The set-up of Anderson's system was 
rather complicated. To avoid sample diffusion, a sheath capillary to surround the 
separation capillary was required and a syringe pumps was continuously 
pumping gel into the sheath capillary. 
Herein, we present a micro Western blotting system based on 1-mm capillary 
electrophoresis in the style of dip-pen for transferring protein from the capillary 
to the NC membrane. The design for the dip-pen electrophoresis (DPE) has been 
described in Chapter 2 (Figure 2.2). A PA gel filled capillary is used for protein 
separation, and the capillary is in a vertical direction with the tip slightly 
contacting with a NC membrane. Protein samples are introduced by manual 
loading using micro-syringe, and a pipette tip is introduced to serve as the anode 
buffer reservior. After separation, proteins are transferred onto nitrocellulose (NC) 
membrane directly from the capillary tip. The DPE is an efficient method to 
separate and quantify proteins in a single step. Comparing to conventional CE 
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and Western blotting methods, DPE is simpler, easier to handle, and more 
straightforward for observation. By electrophoresis in 1 mm diameter capillary, a 
relatively high electric field that up to 300 V/cm can be applied to separate the 
proteins within 5-15 min. The sample consumption can also be reduced 
comparing to the slab-gel method. The whole process could be finished in 5 
hours and the platform can be used in microarrays for high-throughput analysis. 
3.2 Experimental section 
3.2.1 Materials and reagents 
The SDS-PAGE Gel Preparation Kit (Beyotime) contained 30% (29:1) 
acrylamide/bis-acrylamide, 1M Tris-HCl (pH 8.8) 10% SDS, ammonium 
persulfate, N, N, N', N'-tetramethylethylenediamine (TEMED), 1M Tris-HCl, 
(pH 6.8). Running buffer (pH 8.3) contained 25 mM Tris and 192 mM glycine. 
Nitrocellulose membrane, ECL Plus kit, pre-stained protein molecular weight 
marker, 5x sample loading buffer, secondary antibody HRP-labeled goat anti-rat 
IgG were purchased from Beyotime. Protein reagents included bovine serum 
albumin (BSA) (Sigma), thaumatin (Wako), chicken egg-white lysozyme (Wako), 
and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) which was bought 
from Beijing Biosynthesis Biotechnology. The primary antibody anti-GAPDH, 
multicolor broad range protein ladder were also from Beijing Biosynthesis 
Biotechnology Company. Phosphate buffer solution (PBS) was 0.1 M Na2HP04 
adjusted to pH 7.0 with 0.1 M KH2P04. The electroblotting buffer was lOx 
running buffer diluted with 40 : 60 (v : v) methanol and DI water. 
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3.2.2 Protein sample preparation 
Four proteins, BSA, lysozyme, GAPDH and thaumatin were mixed with equal 
mass ratio to get the total protein concentration of 1 mg/mL in PBS buffer. The 
protein mixture was denatured by heating at 95°C for 5 min in SDS sample 
loading buffer, and stored at -20°C. 
3.2.3 Dip-pen electrophoresis based Western blot 
The procedures of gel preparation and the setup for electrophoresis in 
capillary (Figure 2.2) have been described in Chapter 2. When the voltage was 
applied, protein mixture and the loading dye moved downward along the 
capillary. When the loading dye reached the bottom of the capillary, a computer 
program was launched to control the stage movement. As shown in Table 3.1, 
steps 1.1 to 1.5 were repeated 30 times at first, followed by steps 2.1 to 2.3 once, 
and then steps 3.1 to 3.5 thirty times followed by steps 2.1 to 2.3 once again. The 
whole program in Table 3.1 was performed several times according to the %T of 
PA gel and protein molecular weight range. When the stage started to move, a 
higher voltage was applied to the system to accelerate the transfer process. 
Table 3.1 Program of the Zolix motion controller stage 
A^ Run Distance (mm) Wait Time (s) Comments 
2 2 0 Repeating 
1 2 z -2 5 step 1.1 to 1.5 
^ 2 2 0 30 times then 
14 Y .1.5 0 moving to step 
1.5 Z -2 5 2.1 
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2A Z 2 0 ~ 
2 2.2 X 2.5 0 Running once 
2.3 Z -2 0 
3 1 Z 2 0 Step 3.1 to 3.5 
3 2 Z -2 5 repeating 30 
2 33 2 2 0 times then 
34 y 1.5 0 moving to step 
3.5 Z -2 5 2.1 
3.2.4 Detection on membrane 
Prestained protein marker could be observed directly on the membrane or by a 
scanner (Canon) to enhance the contrast. For Western blotting analysis, the 
blotted NC membrane was stained with Ponceau S to visualize the protein dots 
on the membrane. The non-specific binding of antibodies was reduced by 
blocking the NC membrane in 5% non-fat milk PBST solution for 5 min. The 
PBST solution was PBS containing 0.05% Tween-20. After blocking, the 
membrane was incubated with primary antibody, anti-GAPDH that diluted in 
PBST buffer for 1 h, and washed with PBST 3 times for 5 min each time. Then 
the NC membrane was incubated with the secondary antibody, HRP-labeled goat 
anti-rat IgG that diluted in PBST buffer for 1 h, and also washed 3 times for 5 
min respectively. The substrate ECL plus kit was applied to the NC membrane to 
produce luminescence for protein detection. 
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3.3 Results and discussion 
3.3.1 Separation performance on nitrocellulose membrane 
Proteins migrating out of the capillary would be trapped by the membrane by 
electric field. It was crucial to keep the membrane wet to ensure the electric 
continuity. To address the problem, the membrane was placed on top of a layer of 
ultra thick filter paper (2.48 mm, Bio-rad) which was presoaked in the buffer. 
Methanol on one hand was reported to increase the binding capacity of 
nitrocellulose and dissociate the SDS-protein complex.39 On the other hand, 
methanol could also help to retain the protein, especially the proteins of large 
molecular weight in the gel. Therefore, it was important to control the methanol 
concentration in the buffer. In our experiment, we found that the optimal blotting 
result was obtained by diluting the lOx running buffer with 40 60 (v : v) 
methanol and DI water. The initial high concentration methanol helped the NC 
membrane adsorb proteins of low molecular weight. During the blotting of 
proteins with high molecular weight, methanol would have evaporated almost 
completely to help large protein transferred out of the PA gel. 
We used color markers for easy observation of the separation process. As 
shown in Figure 3.1 A, 10%T PA gel was used, and the color bands separated in 
capillary were transferred to the membrane in the range of 10 to 100 kD. We 
could see 8 segments on the membrane clearly which were coordinated with 
those colors in capillary (Figure 3.1 A, left). By plotting log MW versus time, we 
yielded a linear plot for the 25 to 100 kD protein marker as expected (Figure 3.1 
B), which validated this method for blotting SDS-protein sample on NC 
membrane. 
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Figure 3.1 (A) DPE-based western blot of protein color ladder captured on NC membrane 
using 10 %T PA gel (B) Plotting log MW as a function of time yields a linear plot for the 25 
to 100 kD protein marker. 
3.3.2 Comparison among different %T PA gel 
We have further studied the separation time, separation efficiency and blotted 
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range of the protein molecular weight by changing %T values of PA gel. In 
theory all proteins would eventually move out of the capillary if sufficient time 
was given. However, based on the linear relationship between log MW and the 
electroblotting time, an optimal range of the protein molecular weight was 
determined (Table 3.2). Moreover, by adjusting the %T values, we found out that 
the total time required for proteins going through the gel of 1 cm length was 
twice in 12 %T (47 min) as that in 8 %T (23 min). By contrast, 3-5 hours were 
usually required by traditional Western blotting method including the gel 
preparation, separation and transfer steps. 
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using 8 %T PA gel. (B) Plotting log MW as a function of time yields a linear plot for the 25 
to 100 kD protein marker. 
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using 12 %T PA gel. (B) Plotting log MW as a function of time for the 25 to 100 kD protein 
marker. 
Table 3.2 Parameters summarization under different %T PA gel conditions using protein 
markers. 
12 %T 10 %T 8 %T 
Separate time 20 min/150V 12min/120V 8min/80V 
Efficient separate range 10 to 200 kD 15 to 200 kD 35 to 200 kD 
Optimal transfer range 10 to 50 kD 25 to 70 kD 35 to 100 kD 
Transfer time 27 min/ 240 V 23min/ 240 V 15 min/ 240 V 
Total time 47 min 35 min 23 min 
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3.3.3 SDS-protein complexes capture and immunoblotting 
Four proteins including lysozyme (14.7 kD), thaumatin (23 kD), GAPDH (37 
kD) and BSA (66.7 kD) were mixed and denatured by SDS. 10 %T PA gel was 
chosen because it could transfer the protein with the molecular weight range 25 
to 70 kD. Results were shown in Figure 3.4. An important advantage of Western 
blotting is providing size information for the target proteins besides 
immunoaffinity. In traditional Western blotting method, protein size was deduced 
by comparing its mobility to the mobility of a sequence of size standard proteins 
in a parallel lane. Our approach for incorporating size-standard protein ladder 
was also valid as illustrated in Figure 3.4. The position of the sample dots was 
between the reference dots segment 35 kD and 40 kD, which was well 
coordinated with the molecular weight of GAPDH 37 kD under the same 
experiment conditions, i.e. the %T, the voltage and the same total sample 
volume. 
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arrows indicated the start point of the capillary on the membrane 
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3.4 Conclusions 
In this chapter, we describe a Western blotting platform by dip-pen 
electrophoresis in capillary. Protein markers and a mixture of four different 
protein samples were tested. The time of analysis was improved by eliminating 
the electro-blotting step; the protein blotted on the membrane could be detected 
by traditional chemiluminescence enhanced method, and the signal was 
visualized directly on X-ray film instead of pre-labeling of antibody or antigen 
for fluorescent detection. Furthermore, the platform could be used in microarrays 
for high-throughput analysis. 
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Chapter 4 Conclusions 
4.1 Summary 
This thesis describes a micro Western blotting method based on dip-pen 
electrophoresis (DPE) in glass capillary. The method was validated by separating 
and blotting a mixture of four proteins. 
Polyacrylamide gel was crosslinked in a glass capillary as a sieving matrix. 
Protein mixtures were added into the capillary and separated by SDS-PAGE. 
During the DPE, proteins were deposited onto nitrocellulose (NC) membrane 
directly from the capillary tip. Traditional immunoblotting method by binding the 
primary and HRP-labeled secondary antibodies to the target protein was also 
applied for affinity binding. By adding Enhanced Chemiluminescence (ECL) 
plus reagent, the target protein could be visualized on the medical X-ray film. 
The DPE based micro Western blotting provides an alternative method to 
traditional Western blotting. Other than the advantage of traditional Western 
blotting, the DPE based micro Western blotting provides several extra merits as 
follows. The time required for analysis is improved by faster separation and 
integration of the separation and electro-blotting step into a single one. The 
whole system is simple, requires shorter time for gel fabrication, consumes less 
buffers and samples, and is more reliable for sample loading. Furthermore, the 
platform could be used in microarrays for high-throughput analysis. 
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4.2 Future perspective 
We visualize that our system can be further improved in throughput, reagents 
consumption and sensitivity. For example, many capillaries can be assembled in 
a row for higher throughput (Figure 4.1). Moreover, by combining with Pan's 
method (Figure 4.2),57 we can integrate a microfluidic network to the blotted 
membrane. By flowing different antibodies in each parallel channel, we will be 
able to achieve fast, highly sensitive and high-throughput detection. 
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Figure 4.1 Schematic view of parallel channels at a run. 
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introduced in parallel microfluidic channels. 
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